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Background: Minor groove binding is a rate-limiting step in proflavine-DNA intercalation reaction. This
step is believed also to be responsible for the sequence-dependent kinetics of proflavine binding to DNA.
At the same time, most studies are focused on the final stage of the reaction — the intercalation complex,
and there is a lack of data concerning the structure and stability of proflavine-DNA minor groove-bound
complexes.

Objectives: The objective of this study was to investigate the stability of proflavine minor groove-bound
complexes with DNA oligonucleotides of different sequence by molecular dynamics simulation and to
analyze the DNA conformational changes caused by the proflavine binding.

Materials and methods: The molecular dynamics simulations of proflavine minor groove-bound
complexes with poly(dA)-poly(dT) and poly(dCG)-poly(dCG) oligonucleotides of 30 bp length were
done in program package AMBER12 with explicit water (SPC/E) and ions (NaCl 0.15 M) using force
fields FF14SB for DNA and GAFF for ligand. The starting configurations of complexes were obtained by
docking method in AutoDock 3.05. After multi-stage equilibration protocol, each system was simulated at
T=300 K and p=1 bar for a 50 ns production phase. Then trajectories were post-processed in
AMBERTo00Is17 and VMD-1.9.3 packages.

Results: Our simulations confirm that proflavine-DNA minor groove-bound complexes are stable in the
50 ns time range but there are some structural rearrangements in them with respect to the initial
structures. The narrowing of the DNA minor groove is observed in the proflavine binding site. In
proflavine-poly(dCG)-poly(dCG) complex it is more pronounced and is accompanied by the BI/BII
transitions in DNA and the reorientation of ligand. In proflavine-poly(dA)-poly(dT) complex the specific
intermolecular hydrogen bonds are formed, which are optimized by the changes in opening and propeller
twisting of involved AT-base pairs. Complexes are stabilized by the van der Waals and hydrophobic
interactions, which are more favorable in the proflavine-poly(dA)-poly(dT) complex.

Conclusions: Our results show that the binding of proflavine to a minor groove of DNA induces the
conformational changes in the DNA that are important for the resulting complex stability.

KEY WORDS: proflavine; DNA oligonucleotide; minor groove-bound complex; molecular dynamics
simulation; induced fit mechanism; minor groove narrowing; BI/BII transitions.

BUKJIANKAHI JITAHIOM KOH®OPMAIIIHI 3MIHU JTHK B KOMILIEKCAX
MNPODJIABIHY 110 TUITY 3B’A3YBAHHSA B MAJIOMY KOJIOBKY, JOCJIAXKEHI 3A
JOIMOMOT OO MOJVIEKVYJISIPHO-IUHAMIYHOI'O MOJEJIFOBAHHSA
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AKTyanbHicTb. 3B’s3yBaHHA mpodiaBiHy B Maiomy xomodoky JHK - me cranis, mo oOmexye
MIBUAKICTh peakuii iHTepkamsuii. BBaxkaloTh Takox, 110 I CTalis peakuii BiANOBiJae 3a 3aJE€XKHICTH
KiHeTUKH 3B’s13yBaHHA npoduiaBiny 3 JIHK Bix mociimoBHoOCTI. Binbimicts nocmimpkeHb opi€HTOBaHI Ha
¢iHanpHy cTafilo peakuii — IHTEPKAJSILIHHUNA KOMIUIEKC, TOMY Opakye NaHuX IIOJO CTPYKTYpH Ta
cTablIbHOCTI KOMIUIEKCIB podJiaBiny B Maiomy konooky JJHK.
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Meta po6oTu. MeTor0 1aHOTO JOCTIKEHHSI OYyJI0 BUBYEHHS CTaOLIBHOCTI KOMIUIEKCIB HpodiiaBiHy B
MajoMy KoJIoOKy omiroHykieotuais JIHK pisHoi mociinoBHOCTI 3a JJOIOMOror0 MOJIEKYJISIpHO-
JUHAMIYHOTO MOJICTIOBAHHS Ta aHaui3 KoHdpopmamidaux 3MiH JIHK, BHKIMKaHUX 3B’S3yBaHHIM
npodasiny.

Marepianu Ta Meroau. MoJeKyIIpHO-TUHAMIYHE MOJIEIIOBAHHS KOMIUICKCIB TmpodiaBiny 3
omironykineotraamu poly(dA)-poly(dT) Ta poly(dCG)-poly(dCG), nosxunoro 30 1.0., 6yjI0 IpOBeIEHE B
nporpamaomy maketri AMBERI2 3 sBauMm ypaxysauusaMm Bogu (SPC/E) ta iomis (NaCl 0.15 M) 3
BukopuctanHsM cuioBux moniB FF14SB mna JIHK ta GAFF nmns mirangy. CrapTtoBi koH(piryparii
KOMIUIEKCiB Oy oTpuMani MeromoMm HokiHTy B AutoDock 3.05. Tlicis GaraToeTamHOTO MPOTOKOIY
BpiBHOBa)KCHHS, MPOAYKIiHHA (paza MOAETIOBaHHS IS KOXHOI CHCTEMH cTaHoBWIa 50 HC 3a yMOBH
T=300 K i p=1 OGap. Ananiz Tpaekropiii mpoBoauscsi 3a pomomororo mnakeris AMBERTools17 Ta
VMD-1.9.3.

PesynbTaTn. Pe3ynbraTi MOJICITIOBaHHS CBIAYaTh, [0 KOMILICKCH MpodiaBiny B Manomy xosiooky JJHK
€ ctabUIbHUMH B 4acoBoMy iHTepBaii 50 HC, OJIHAK y MOPIBHSAHHI 31 CTAPTOBUMH CTPYKTYypaMu € IesKi
CTPYKTYpHI 3MiHHN. B Micii 3B’s3yBaHHs mpoduiaBiHy BiIOyBaeThCsl 3BYXKCHHs Majoro >xoiooky JIHK.
Bono € Oinpmr BupakeHnM y komruiekci npodiaBiny 3 poly(dCG)-poly(dCG) i cympoBOmIKYEThCS
nepexonamu BI/BII B IHK Ta nepeopienrarieto nmiranny. B kommiekci npoduasiny 3 poly(dA)-poly(dT)
YTBOPIOIOTHCS  CcTIeNU(DiuHI MiXMOJEKYJIApHI BOJHEBI 3B’SI3KH, IO ONTHMI3YIOThCS Yepe3 3MiHy
nmapaMmeTpiB OmMeHIiHr Ta mpomnenep 3amisHux AT-map. Crabimizariiss KOMIUIEKCIB BiOYBa€eThCS 3aBISKH
BaH-JIep-BaIbCOBUM Ta TiIpo(POOHUM B3aEMOIIISM, IO € OUTBII BUTIIHAMH B KOMIUIEKCI TIpodiaBiHy 3
poly(dA)-poly(dT).

BucHoBkn. Hami pe3ynbraTé BKasylOTh Ha Te, IO 3B’s3yBaHHS MpOQUIaBiHYy B MaJoOMy JKOJOOKY
3amyckae koHpopmamiriai 3Miau B JIHK 3a MexaHI3MOM iHIYKOBaHOI BiJIOBITHOCTI, IO € BAXKIUBUMHU
JUTSI CTaO1TBHOCTI KIHIIEBOTO KOMILIEKCY.

KJUIFOYOBI CJIOBA: npodnasin; onironykieoris JHK; koMmieke B MajgoMy xo0I00Ky; MOJIEKYIJISIPHO-THHAMIYHE
MOJICIIOBAHHSI; MEXaHi3M IHIyKOBaHOT BiJIITOBIIHOCTI; 3ByEHHsI Majoro »xo0J100ky; BI/BII nepexou.

BBI3BAHHBIE JIMTAHAOM KOH®OPMAIIMOHHBIE UBMEHEHMUS ITHK B
KOMIIVIEKCAX ITPO®JIABHUHA 110 TUITY CBA3BIBAHUSA B MAJIOM KEJIOBKE,
HUCCIEJOBAHHBIE C TIOMOIBIO MOJIEKYJAPHO-AUHAMHUYECKOT' O
MOJAEJIMPOBAHUA
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AxTyajabpHocThb. CBs3biBaHue NpoduaBuHa B MaynoM xkeiobke JJHK — ato cramus, orpannumBaromas
CKOPOCTb peaKK HHTEepKAIIIMU. CYUTAIOT TaK)XKe, YTO ITa CTaJUs OTBEYAET 3a 3aBUCUMOCTh KHHETHUKH
ces3piBanms  npodmaBuHa ¢ JJHK oT mocnenoBaTensbHOCTH.  BONBIIMHCTBO — MCCIICHOBAHUMA
OPHEHTHPOBaHbI Ha (PMHATIBHYIO CTAANIO PEAKINH —MHTEPKAIIMOHHBIN KOMIUIEKC, TIO3TOMY HE XBAaTaeT
JAHHBIX O CTPYKTYpe M CTaOMIBHOCTH KOMITIEKCOB IpodaBuHa B MasioM xenooke JJHK.

Heap padorsl. 3amaueil maHHO pabOTHI OBUIO M3y4YeHHE CTAaOWIBHOCTH KOMIUIEKCOB IpodaBmHA B
MaioMm kernobOke onuronykieoTunoB JIHK pasHoO# mociemoBaTeNbHOCTH C IOMOIIBI0 MOJIEKYIISPHO-
IUHAMAYECKOTO MOJENHPOBaHUA W aHanm3 KoH(opMarumoHHBIX w3MeHeHnd JIHK, BbI3BaHHBIX
CBSI3bIBAHMEM IIPOQIIaBHHA.

Marepuajbl U MeToabl. MOJIEKYyISIPHO-TMHAMHYECKOE MOJEIMPOBAHNE KOMIUIEKCOB HpodiaBuHA C
onuronykieoruaamu Poly(dA)-poly(dT) u poly(dCG) poly(dCG), amuno#t 30 m.o., 6bUIO0 MPOBEACHO B
nakere AMBERI12 ¢ siBapiM yuerom Boabel (SPC/E) u monor (NaCl 0.15 M) mpu wucnonb3oBaHUH
cunoBbix oyt FF14SB s [IHK u GAFF mns nuranma. CtapToBbie KOHQUTYPALMU KOMILICKCOB OBLIH
noiay4yeHel MetojoM jgokuHra B AutoDock 3.05. Ilocnme ypaBHOBemMBaHWs, NPOIYKIMOHHAs (ha3a
MOJIETTUPOBAHUS IS KXo cuctembl coctaBisuia S0 He mpu T=300 K u p=1 Gap. AHaNM3 TpaeKTOpHi
pOBOIMIICS ¢ ToMoInbio akeToB AMBERToo0ls17 1 VMD-1.9.3.

PesyabTaTsl. [lorydeHo, 4To KOMIUIEKCH TpodaBiuHa B MajoM xkenooke JIHK sBistoTcs cTabmIbHBIMU
BO BpPEMEHHOM wHHTepBaie 50 HC, HO €CTb HEKOTOPBIC CTPYKTYPHBIC HM3MEHEHHS II0 CPaBHEHHUIO C
HavyalbHBIMU KOHGUrypamusiMu. B Mecre cBA3bIBaHus NpoduaBHHA NPOHCXOAUT CYKEHHE MAaJoro
xkenmooka JIHK. Ono Oosee BoIpakeHO B Komiuiekce mnpodumaBuHa ¢ poly(dCG)-poly(dCG) wu
conpoBoxaaercs nepexogamu BI/BII B IHK n nepeopuenrauneii nuranga. B kommiekce npodiaBuna ¢
poly(dA)-poly(dT) obpasytotcst crenuduueckie MeEKMOJICKYJSIpHbIE BOJOPOJAHBIE CBS3H, KOTOpHIC
ONTHMU3UPYIOTCS 32 CUET W3MEHEHHs NapaMeTpOB ONCHHMHI W Ipornesuiep 3aneiicTBoBaHHBIX AT-map.
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CraOunm3anus KOMIUICKCOB IMPOMCXOAUT Onaromaps BaH-JCP-BaalbCOBBIM U THUAPOPOOHBIM
B3aMMOJICHCTBHUSIM, KOTOpPBIE O0Jiee BBITOAHBI B KoMILIekce mpodaasuna ¢ poly(dA)-poly(dT).

BeiBoapl. Hamm pe3ynbTaThl yKasbIBarOT Ha TO, YTO CBS3bIBAHUC NPO(IABUHA B MAJOM JKEIOOKE
3amyckaeT KoHpopmanuoHnHsie usMeHeHus B JJHK mo MexaHusMy WMHIYIHPOBAHHOTO COOTBETCTBUS,
KOTOpBIE SBIISIOTCS BaKHBIMH JUTSI CTAOMIILHOCTH KOHEYHOTO KOMITIIEKCA.

K/JIIOUEBBIE CJIOBA: mnpodnasun; omuronykineorun JIHK; komIulekc B ManoM KeloOKe; MOJEKYISIPHO-
JAUHAMHUYCCKOC MOACIMPOBAHUEC; MEXAHNU3M HHAYIHUPOBAHHOI'O COOTBETCTBHSA; CYKCHUE MaJIOro )KeIIO6Ka; BI/BII
MePEXO0bl.

Proflavine (PF) (Fig. 1) is a small aromatic molecule that is known to exert antibacterial
and mutagenic properties due to its interaction with DNA [1]. Depending on drug-DNA
concentration, two binding modes are observed for PF: the strong binding of individual PF
molecules to DNA at low drug-DNA ratios and weak binding of PF aggregates to DNA at
high drug-DNA ratios [2]. To explain the strong binding of PF to DNA, an intercalation
model was proposed by Lerman [3], according to which the planar drug is inserted between
the base pairs into the DNA double helix with drug plane being perpendicular to the helix axis
and long axis of the drug chromophore being almost parallel to the long axis of the base pair.
This model became generally accepted due to the large number of experimental facts
supporting it [3-6]. Later the X-ray structures of PF complexes with dinucleoside
monophosphates [7-9] and short DNA duplex [10] were resolved also confirming the Lerman
intercalation model.
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Fig. 1. The structural formula of proflavine.

NH NH

Despite the overall agreement on the structure of PF-DNA intercalation complex, the
mechanism of the intercalation reaction has been controversial. Early kinetic studies on strong
PF binding to calf-thymus DNA, performed by Li [11] using joule-heating temperature-jump
method with absorption detection, revealed two relaxation times in sub-millisecond and
millisecond range with different dependence on concentration. The two-step scheme of the
reaction was proposed: the strong outside-bound complex is formed between the PF and DNA
on the first stage and the intercalation complex is formed on the second stage (Scheme 1). The
absorption spectrum of the outside-bound complex was similar to that of the intercalation
complex, implying that there was at least a partial overlap of bases with PF in the outside-
bound complex.

PF + DNA—><2_21(PF)Out —>(:_2(PF)in (1)

The subsequent investigations showed that the kinetics of the PF intercalation reaction
depends strongly on the DNA base composition [12, 13]. Using joule-heating temperature-
jump method with fluorescence detection, Ramstein found that there was only one relaxation
time in the relaxation signal of PF-poly[d(GC)] system, and the inverse of the relaxation time
varied linearly with concentration [13]. He suggested a single-step reaction for binding of PF
to poly[d(GC)] and the resulting complex was interpreted as a strong outside-bound complex
(Scheme 2). For the PF-poly[d(AT)] system also only one relaxation time was found, though
its inverse leveled off at high phosphate concentration, and the two-step mechanism of the
reaction proposed by Li was found to be appropriate (Scheme 3). An additional slower
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relaxation time independent on concentration was seen for the interaction of PF with natural
DNAs. Ramstein supposed that it was due to the PF exchange between GC- and AT-sites,
having different kinetics of dye binding.

ky
(GC)+PF == (PF),,, 2
(AT)+ PF &== (PF),, &= (PF), 3

Later, the kinetics of PF binding to DNA was reinvestigated by Marcandalli using iodine-
laser temperature-jump technique with absorption [14] and fluorescence detection [15]. One
relaxation time was detected regardless of the choice of the method used. The dependence of
reciprocal relaxation time on DNA concentration was linear in the case of GC-rich DNA and
tended to a plateau at high DNA concentrations for AT-rich DNA. To explain the results
Marcandalli suggested that there were two types of sites in DNA: B; sites(connected to GC-
pairs) and B, sites (connected to AT-pairs). But unlike Ramstein, he proposed two-step
mechanism of the reaction for both sites, and the complex formed at the final stage of the
reaction was believed to be of intercalation type in both cases (Scheme 4, 5). The complexes
formed on the first stage, E and E', were rapidly formed outside-bound complexes, but in
contrast to the outside-bound complex from the Li scheme [11], these complexes were
spectrophotometrically similar to free dye molecules, implying that they were water-solvated
and there was no direct overlap of PF with DNA bases in them. Marcandalli showed that the
magnitude of K¢B; (Ke— is the equilibrium constant of the first step of the reaction (Scheme 4,
5), Bi — number of corresponding sites) determined the dependence of reciprocal relaxation
time on DNA concentration. In the case of GC-rich DNA the outside-bound complex of PF
was weak resulting in linear concentration dependence. For the AT-rich DNA strong outside-
bound complex was formed between PF and DNA, which led to the leveling off of reciprocal
relaxation time at high DNA concentrations and slower intercalation compared to the GC-
sites. Marcandalli assumed that the greater stability of the outside-bound complex of PF with
AT-rich DNA could be due to the hydrogen bonding of PF with purine N3 and pyrimidine O2
atoms in the minor groove of DNA. The N2 amino group of guanine protruding into the
minor groove would interfere such interactions causing the weaker outside binding of PF with
GC-rich DNA.

PF+Q<KE>E<E>D 4
PF + B, =2 E' > | (5)

Nowadays the detailed picture of drug-DNA interactions at the atomic level can be
obtained using computer simulation methods. Most of the computational studies of PF-DNA
interactions considered the final stage of the reaction — the intercalation complex [16-21]. The
outside binding of PF was modeled in the pioneering works as a hydrogen bonding to
phosphate group [22], based on the 3:2 PF-CpG structure of Berman [8], or as an incomplete
intercalation from the minor groove side [23]. To the best of our knowledge, the first
modeling study that investigated the outside-bound complex of PF with DNA oligomer was
done by Sasikala [24]. Using metadynamics method he studied the dissociation of PF from
the minor groove-bound state and with appropriate configurational restraint managed to
achieve the intercalation of PF from the minor groove-bound state. In the subsequent work of
Sasikala, the intercalation of PF from the major groove-bound state was achieved and the
processes of intercalation, de-intercalation and dissociation of PF from both grooves of DNA
were compared [25]. It was found that the intercalation and de-intercalation of PF proceeded
through the major groove side but the timescale of the intercalation reaction was determined
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by the stable pre-intercalative minor groove-bound state. According to Sasikala, the binding
of PF to DNA can be described by the following scheme: first, drug forms quickly (in a
nanosecond range) groove-bound states with the population of the minor groove-bound state
being higher due to its greater stability (compared to the major groove-bound state), but the
direct intercalation from the minor groove-bound state is extremely slow due to the high
energy barrier, therefore drug dissociates from the minor groove-bound state in a millisecond
range and forms the intercalation complex from the major groove side (Scheme 6).
k 1 k2 k3

(PF)Min k<:>1 PF + DNA?(PF)Maj ? (PF),, (6)

Recently the outside-binding of multiple PF molecules to DNA was simulated by
Sasikala [26]. The formation of PF aggregates around DNA in nanosecond range was
observed. Aggregates were seen mostly in the major groove of DNA, though a few stacks of
PF molecules in the minor groove of DNA were also found. Due to the low phosphate to dye
ratio (P/D=1) used in that study, the simulated process can be attributed to the weak binding
of PF to DNA. It would be interesting though to investigate the strong monomeric minor
groove binding of PF in more detail. There is a lack of simulation data on minor groove
binding of PF to different DNA sequences. At the same time, there is multiple experimental
evidence that the kinetics of PF binding to DNA depends on the DNA composition [12, 13,
15], and the analysis of literature suggests that it is the minor groove-bound state of PF that is
responsible for the timescale of the reaction and the sequence-dependent kinetics [15, 25].

Previously we used molecular docking method to obtain the minor groove-bound (MGB)
complexes of PF with DNA oligonucleotides of different sequence built according to the X-
ray fiber data [27]. Depending on the geometry of the minor groove of DNA, two types of PF
MGB complexes were observed. For DNA-targets with narrow minor groove (mostly
poly(dA)-poly(dT) sequences), the strong MGB complex of PF was formed: its energy was
comparable or even more favorable than that of the intercalation complex of PF. In this type
of MGB complex, the PF chromophore was laying along the groove and its amino groups
were participating in hydrogen bonding with DNA bases. For DNA-targets with wide minor
groove (DNA of GC-composition), the second type of PF MGB complex was obtained: the
PF chromophore was located across the minor groove and its amino groups formed hydrogen
bonds with one of the sugar-phosphate chains. This type of complex was less energetically
favorable than the intercalation complex of PF and the first type of PF MGB complex. The
aim of this study was to investigate the stability of PF MGB complexes formed with DNA
oligonucleotides of different sequence using molecular dynamics (MD) simulation with
explicit solvent and physiological salt concentration and to analyze the DNA conformational
changes caused by the PF binding.

MATERIALS AND METHODS

The DNA oligonucleotides of 30 base pairs long were constructed in the module NAB of
AMBERTOoo0Is17 [28] or program FIBER of 3DNA package [29]. The protonated form of PF
molecule was optimized at the B3LYP/6-31G* level in the Gaussian 03 software [30], and the
RESP atomic charges were calculated at the HF/6-31G* level of theory using RED IlI
package [31]. The structures of PF MGB complexes were obtained by molecular docking
method in the AutoDock 3.05 package [32] using Lamarckian genetic algorithm with the
following parameters: the size of population = 150 individuals, the maximum number of
energy evaluations = 107, the maximum number of generations = 27000. The Kollman partial
atomic charges were used for DNA-targets and the RESP atomic charges — for PF molecule
during docking procedure. All hydrogen atoms in the structures of target and ligand were
considered explicitly and treated as non-polar. Under these conditions the NDB structures of
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PF complexes with dinucleoside monophosphates (NDB codes: ddb009, ddb033, ddb034,
drb008, drd004 [33]) were well reproduced in test re-docking calculations. The docking
search space was confined by the grid box of 70x70x70 points centered at the fifteenth step of
the DNA oligonucleotide with distance between adjacent grid points equal to 0.375A. 100
dockings were performed for each DNA-target, and the obtained complexes were ranked by
the docking energy and clustered using a tolerance of 1 A. The best cluster containing more
than 10 conformations was used as a starting structure for MD simulations.

The MD simulations were performed for MGB complexes of PF with poly(dA)-poly(dT)
and poly(dCG)-poly(dCG) oligonucleotides, and separately for DNA oligonucleotides and the
PF. The program package AMBER12 [34] was used with the force fields FF14SB [35] for
DNA and GAFF [36] for PF. Each system was solvated with SPC/E water molecules [37] in a
truncated octahedral box, and periodic boundary conditions were applied. The minimal
distance from solute atoms to the edge of the box was greater than 15 A. The sodium
counterions were used to neutralize the DNA charge, and an additional amount of Na* and CI
ions was added to model the 0.15M concentration of NaCl salt. The Joung parameters for ions
were used [38]. The initial positions of ions were randomized so that there were no ions
within 6 A of solute, and the minimal distance between the ions was greater than 4 A. The
long-range electrostatic interactions were treated using particle-mesh Ewald method [39] with
a direct space cutoff of 9 A. The bonds involving hydrogen were fixed using SHAKE
algorithm [40], and a 2 fs integration step was applied. To equilibrate the system, the multi-
stage protocol was used. First, the positions of water and ions were minimized keeping the
solute fixed with weak restraints (25-20 kcal/(mol-A?). Then the system was heated during
100 ps from 100 to 300 K under constant volume condition and 15 kcal/(mol-A?) restraints
on solute. After that, the restraints on solute atoms were gradually relaxed from 15 to 1
kcal/(mol-A?) during a 5 series of alternating stages of 5000 steps minimization and 50 ps
NPT MD at T =300 K and p = 1 bar. To control the temperature and pressure, the Berendsen
thermostat and barostat [41] were used with a coupling constant of 0.2 ps for both parameters.
The next step was the 50 ps NPT MD with 0.5 kcal/(mol-A?) restraints on solute followed by
the 100 ps unrestrained NPT MD. The last stage of the equilibration protocol was the
unrestrained 1 ns NPT MD at T = 300K and p = 1bar with the coupling constants increased to
5 ps. Then the simulations were extended under the same conditions for a 50 ns production
phase.

The MD trajectories were analyzed using CPPTRAJ module [42] of AmberTools17 [28]
and visualized in VMD-1.9.3 [43]. The hydrogen bonds (HB) were determined using the
geometric criteria: the distance between the HB donor and the HB acceptor should be less
then 3.2 A, and the angle formed by the HB donor, the hydrogen and the HB acceptor should
be greater than 120°. The ion was considered to be located in the minor groove of a DNA
helical step when it was within 3 A of N3 purine or O2 pyrimidine atoms of bases of this
helical step.

The binding free energy estimates were obtained according to the molecular mechanics
Poisson-Boltzmann surface area methodology (MMPBSA) using MMPBSA.py script [44]
from AmberToolsl7. Under this approach, the binding free energy is calculated as a
difference between the free energy of complex and the sum of the free energies of the
unbound receptor and ligand:

AGbind = Gcomplex o [Greceptor + GIigand :I . (7)

Each term in this equation can be represented as a sum of three components: the gas
energy, calculated from the force field, the solvation energy and the entropy contribution:

G= Egas + Gsolv =TS . (8)
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The solvation free energy can be divided into the polar and non-polar part:
Gy =G + Gy . (9)

The polar part of the solvation free energy was calculated by solving nonlinear Poisson-
Boltzmann equation. The ionic strength was set to 0.15 M. The dielectric constants of solute
and solvent were equal to 4 and 80, correspondingly. The ratio between the longest dimension
of the rectangular finite-difference grid and that of the solute was equal to 4.0. The grid
spacing of 0.5 A was used.

The non-polar part of the solvation free energy was estimated as a sum of the repulsive
term related to the formation of the solute-sized cavity in the solvent and the attractive
dispersion term describing the attractive solute-solvent interactions. The repulsive term was
calculated as

solv

Grep =p-SAV + c (10)

where SAV - is the molecular volume enclosed by the solvent-accessible surface, p=0.0378
kcal/(mol-A%) — is the solvent pressure parameter, and c=-0.5692 kcal/mol. The dispersion
term was computed with a surface-based integration method [45].

Each energy term was calculated as an average over the ensemble of representative
structures taken from the trajectory. Both single and multiple trajectory approaches were used
and compared. We used for the calculation every 10" frame of the trajectory production phase
(at every 20 ps, 2500 frames total).

The entropy contribution was calculated as a sum of translational, rotational and
vibrational terms using standard statistical mechanics formulas for the rigid rotor harmonic
oscillator ideal gas approximation [46]. Due to the computational cost, the entropy calculation
was done only for a subset of 50 trajectory frames taken at every 1 ns. These frames were
minimized using implicit solvent and then subjected to the normal mode analysis. It took
more that 40 hours on 8-core node (2x Intel® Xeon® CPU 5420) to complete the
minimization and normal mode calculation for 50 frames.

RESULTS AND DISCUSSION
Average MD structures and root-mean-square deviation of PF from the initial position

The starting structures of PF MGB complexes with poly(dA)-poly(dT) and
poly(dCG)-poly(dCG) oligonucleotides obtained by docking method are shown in Fig. 2 (a)
and (b). As one can see, the position of PF in the DNA minor groove is different in these two
complexes. The poly(dA)-poly(dT) oligonucleotide has narrow minor groove, and in complex
with it, the PF chromophore is located along the groove with its protonated ring nitrogen and
amino groups being directed into the groove and making hydrogen bonds with DNA. The
poly(dCG)-poly(dCG) oligonucleotide has wider minor groove compared to the
poly(dA)-poly(dT), and in this case, the PF chromophore is positioned across the groove with
its protonated nitrogen interacting with one of the sugar-phosphate chains.

To estimate the stability of PF MGB complexes in MD simulation, the root-mean-square
deviation (RMSD) of PF heavy atoms with respect to the starting structures was calculated
(the structures were aligned by the 4 base pairs closest to the bound PF) (Fig. 3).From the
RMSD values it follows that the PF MGB complexes are stable in the 50 ns time interval. The
average RMSD value of PF in complex with poly(dA)-poly(dT) is quite small (1.38+0.28 A)
indicating that the structure of the docking complex is well conserved during the MD
trajectory. Indeed, the average MD structure of PF MGB complex with poly(dA)-poly(dT) is
very much alike to the starting structure (Fig. 2 (a) and (c)). On the contrary, the average
RMSD value of PF in complex with poly(dCG)-poly(dCG) is relatively high and equals to
4.09+0.93 A. This means that though the ligand is in close contact with poly(dCG)-poly(dCG)
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during all the trajectory time there are some structural rearrangements in this complex with
respect to the starting structure. Visual inspection of the trajectory reveals that during the MD
simulation the reorientation of ligand takes place that causes the narrowing of the
poly(dCG)-poly(dCG) minor groove in the PF binding site. The chromophore of ligand
becomes located along the groove, like in the complex of PF with poly(dA)-poly(dT), except
that amino groups of PF are directed outside the groove (Fig. 2 (d)). As it is evident from the
time dependence of the RMSD, the reorientation of ligand occurs already at the equilibration
phase (Fig. S1).The different orientation of PF amino groups in the average MD structures of
PF MGB complexes can be explained by the fact that poly(dCG)-poly(dCG) has more
shallow minor groove compared to the poly(dA)-poly(dT) due to the NH,- groups of guanine
protruding into the minor groove.

~

/ﬁ\_"—_ . | 5 A

(c) (d)
Fig. 2. The structures of PF MGB complexes: (a) and (b) starting (docking) structures of PF-poly(dA)-poly(dT)
and PF-poly(dCG)-poly(dCG) complexes, correspondingly; (c) and (d) — average structures obtained from MD
simulation for PF-poly(dA)-poly(dT) and PF-poly(dCG)-poly(dCG) complexes. PF is shown with red color.



13
Ligand-induced DNA conformational changes in proflavine minor groove-bound...

o]

~

0 VO O O A A 0 O

PF-poly(dCG)*poly(dCG)

RMSD, A
B w o

w

THALH

o]

[

PF-poly(dA)*poly(dT)
| 1 I 1 | | 1 I 1 1 | L I I 1 |
20 30 40 50
time, ns

(=]
(]
b el
o

Fig. 3.The RMSD of PF heavy atoms with respect to the starting structures vs simulation time.

Hydrogen bonds

The orientation of PF amino groups affected the formation of intermolecular HB in PF
MGB complexes. There were no intermolecular HB in the PF-poly(dCG)-poly(dCG) complex
during the most part of the simulation time. And in the MD trajectory of PF-
poly(dA)-poly(dT) complex, the average number of HB between the PF and DNA was 1.77.
In Fig. 4, the snapshots from the MD trajectory of the PF-poly(dA)-poly(dT) complex with
depicted intermolecular HB are given. As shown, there are two PF groups, which make HB
with DNA (thymine O2 or adenine N3 atoms) at the same time: the protonated ring nitrogen
and one of the PF amino groups. This observation is in agreement with the prediction of
Marcandalli that strong outer complex with AT-rich DNA is formed only for those acridine
derivatives that have HB donor groups simultaneously in the positions 6 and 10 of the
acridine chromophore [15].

Interactions with solvent and ions

In both PF MGB complexes, water-mediated intermolecular HB (water bridges) were
seen during the MD simulation. The average number of water bridges between the PF and
DNA was equal to 1.2 for the PF-poly(dA)-poly(dT) complex and 1.6 for the PF-
poly(dCG)-poly(dCG) complex. The snapshots of the PF MGB complexes with the maximum
observed number of water bridges are shown in Fig. S2. In the PF-poly(dCG)-poly(dCG)
complex, all the PF nitrogens were solvated and could interact via water bridges with DNA.
And in the PF-poly(dA)-poly(dT) complex, only amino-groups of PF were solvated whereas
the protonated ring nitrogen was unavailable to water because it was deeply inserted into the
DNA minor groove and most part of the time participated in direct hydrogen bonding with
DNA. The lifetime of the HB between PF and water molecules was in range 10-20 ps. Due to
the PF-DNA interactions, the total number of water molecules bound via HB to each MGB
complex was ~5 molecules less than the sum of the waters bound via HB to its free
components (Table S1).
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Fig. 4. Snapshots from the MD-trajectory of PF-poly(dA)-poly(dT) MGB complex with different pattern of
intermolecular HB. PF is shown with red color. HB are shown as black dashed lines. DNA atoms that participate
in hydrogen bonding are labeled.

The intrusion of the PF into the DNA minor groove caused not only the change of the
hydration pattern but also the redistribution of the sodium ions in the DNA minor groove
(Fig. 5). More noticeable changes were seen for the poly(dA)-poly(dT), which had more Na*
ions in its minor groove during the simulation compared to the poly(dCG)-poly(dCG) in line
with other simulation studies [47, 48]. The residence times of Na* ions within the minor
groove of the PF MGB complexes were about one-and-half to two times shorter than that for
the free DNA oligonucleotides.

Helical parameters

To study the structural deformations of DNA caused by the PF minor groove binding, the
helical parameters of DNA in complexes were calculated for every 40 ps of the MD trajectory
(using CPPTRAJ) and compared to the parameters obtained from the MD trajectories of free
DNA oligonucleotides. The most obvious change was the narrowing of the DNA minor
groove in the PF binding site and the neighboring helical steps with respect to the free DNA
oligonucleotides (Fig. 6). The effect was more pronounced for the PF-poly(dCG)-poly(dCG)
MGB complex: the groove narrowing in the PF binding site was up to 2 A compared to the
free DNA oligonucleotide. In complex with poly(dA)-poly(dT), the narrowing of the minor
groove caused by PF was circa 1 A.

A partial widening of the minor groove observed at the initial steps for the
poly(dA)-poly(dT) oligonucleotide both in free state and in complex with PF (Fig. 6) was due
to the fraying of the terminal AT base pair and the subsequent formation of the stacked
noncanonical structure between the terminal thymine and adenine during the MD simulation.
The fraying of the terminal base pairs in MD simulations is a known force field artifact [49].
However, we expect that it slightly affects the final geometry of the PF binding site because
PF was bound in the central part of the 30bp DNA oligonucleotide.

The narrowing of the minor groove was accompanied by the variations of other DNA
helical parameters. The increased twist (overwinding) was found in the PF binding site, which
was partially compensated by unwinding in the adjacent steps (Fig. S3). The changes of other



15
Ligand-induced DNA conformational changes in proflavine minor groove-bound...

helical parameters involved decrease of roll with change of sign from positive to negative,
more positive x-displacement and more positive slide in complex with poly(dCG)-poly(dCG)
(Fig. S4-S6). Those changes are characteristic for BI/BII transitions of DNA backbone that
are caused by coupled changes of dihedral angles € and ¢ from (t,g-) in Bl state to (g-,t) in Bl
state [50, 51].

~—— PF-poly(dCG)*poly(dCG)
—EO— poly(dCG)*poly(dCG)

Average number of Na*

base pair step number

(@)

—— PF-poly(dA)*poly(dT)
—H8— poly(dA)*poly(dT)

Average number of Na*

0 5 10 15 20 25 30
base pair step number

(b)
Fig. 5.The average number of Na" ions in the minor groove of PF-DNA MGB complexes and free DNA
oligonucleotides during the MD simulation: (a) PF-poly(dCG)-poly(dCG) complex, (b) PF-poly(dA)-poly(dT)
complex. The position of the bound PF is shown with horizontal line.

The difference &-¢ is around -90° for Bl state and around 90° for Bl state. The analysis of
DNA backbone angles in the PF binding site showed that, in the MD trajectory of PF-
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poly(dCG)-poly(dCG) complex, two nucleotides (C15 and G46) had significant population of
BIl state (Fig. 7). The transitions to the Bl state caused a shift in the distribution of sugar
puckers of cytosines (C13, C15, C45, C47) in the PF binding site to the south region (Fig.
S7). The adaptation of the double helix structure to the backbone transitions led to the
enhanced fluctuations of propeller twist near the bound PF in the PF-poly(dCG)-poly(dCG)
complex (Fig. S8 (a)). The BI/BII transitions are often seen upon binding of proteins to DNA
and are believed to play an important role in the indirect DNA recognition [52-54].

g = PF-poly(dCG)*poly(dCG)
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Fig. 6. Minor groove width in PF-DNA MGB complexes: a) PF-poly(dCG)-poly(dCG); b) PF-
poly(dA)-poly(dT). The position of the bound PF is marked with horizontal line.



Ligand-induced DNA conformational changes in proflavine minor groove-bound...

17

0.12
A I~ C15 in:
0.1 - : ——— poly(dCG)*poly(dCG)
4 i 'l‘ PF-poly(dCG)*poly(dCG)
] [
$0.08 — A
m ] I 1
=
a i | 1
2 0.06 — : i
g ] I &1
% . .'l ? ik \_ “ /N /k‘\
£ 0.04 i\ X
2 i i \i / \
i I A\ / \
I/ \
o\
- W\ / \.
i /:; \ o a /N \
0— i __;fg‘r TN *“"“”"’\,‘K‘\mgﬂ%’?{;\/ o~ "--"'\’::uﬂ‘
i Bl BII
T T 1 T i T I I 1 | I 1 T T I T T T T | I 1 I I i T T 1 T I T 1 I ] | I T T T
-200 -150 -100 -50 0 50 100 150 200
£-¢, degrees
(@
0.12
al C46 in:
0.1 b, —=—= poly(dCG)*poly(dCG)
- ',\\“ PF-poly(dCG)*poly(dCG)
q \
= |
$0.08 ro
o 7 ! \
2 ] [
£.0.06 — I “
g 1 | \ M A
N 2 ' \ \ A7 =)
© = j I\ N ;r -_‘(.- '|:‘
£ 0.04 AR ..
2 ] 3 i "‘ \
_ ’ f/ N\ ‘ /{ \
’ /S :’Jr 1
0.02 = ,I;_,.- \ \\ / \ ’A N \
7/ \, N / Il VY \a AY
: % i
0 _ — J/ \""“h“"-ca e it \
i BI BII
T T 1 T i T I I 1 | I 1 T T I T T T T | I 1 I I i T T 1 T I T 1 I ] | I T T T
-200 -150 -100 -50 0 50 100 150 200

£-¢, degrees

Fig. 7. The populations of Bl and BII states of C15 and G46 residues during MD simulation of PF-
poly(dCG)-poly(dCG) complex and free poly(dCG)-poly(dCG) oligonucleotide.

Unlike the PF-poly(dCG)-poly(dCG) complex, the nucleotides in the PF binding site in
its complex with poly(dA)-poly(dT) were mostly in the Bl state during the MD simulation.
This difference can be rationalized by two reasons. First, the poly(dA)-poly(dT) already has a
narrow minor groove, and small conformational changes are needed to provide tighter
proflavine binding. Second, the BI/BII conformational transitions are sequence specific: the
CG and GC steps are known to undergo BI/BII transition more easily than AA or TT steps
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[55, 56]. The base pairs of the PF binding site in the PF-poly(dA)-poly(dT) complex were
characterized by more negative propeller twist and an increased opening (Fig. S8 (b) and S9
(b)). These changes most likely were due to the hydrogen bonding of PF with N3 atoms of
adenine (Al17, A16) and/or O2 atoms of thymine (T44, T45) (Fig. 4). The sugar pucker
distributions of A18 and A17 nucleotides were shifted to the north region (Fig. S10) possibly
as a result of the interaction of their O4' atoms with the aromatic system of the PF
chromophore (Fig. S11).

MMPBSA free energy estimates

To estimate quantitatively the stability of PF MGB complexes, we calculated the PF
binding free energies using MMPBSA approach. The results are given in Table 1. As one can
see, the MGB complex of PF with poly(dA)-poly(dT) is enthalpically more favorable than
that with the poly(dCG)-poly(dCG). The stabilization of complexes was due to the van der
Waals interactions and hydrophobic interactions (there is no need to form an extra cavity in
solvent because PF fits well into the DNA minor groove) (Table S2). At the same time, the
intrusion of PF disturbed the DNA-solvent interactions in the minor groove that caused the
unfavorable AGygis, term (Table S2).

The entropy penalty was less in the case of PF-poly(dCG)-poly(dCG) complex. Analysis
of the entropy components showed that the major unfavorable contribution (~22 kcal/mol)
was due to the loss of translational and rotational degrees of freedom, which was partially
compensated by the favorable vibrational term (Table S3). It should be noted that the entropy
gain due to the release of tightly bound water molecules upon PF binding from the spine of
hydration of poly(dA)-poly(dT) or ribbon of hydration in the case of poly(dCG)-poly(dCG)
was not taken into account. Therefore we suppose that the obtained entropy penalties are
overestimated.

Values of the energy terms calculated using multiple trajectory approach showed high
fluctuations. But this approach allowed to access the cost of the DNA conformational changes
upon the PF binding. For the PF-poly(dCG)-poly(dCG) complex, the unfavorable
conformational term (AGgonf) Was obtained that is consistent with the observed in the MD
trajectory notable conformational changes of the poly(dCG)-poly(dCG) minor groove in the
PF binding site (Table S2).

Table 1. The binding free energies for proflavine MGB complexes with poly(dA)-poly(dT) and
poly(dCG)-poly(dCG)

System AH -TAS AGrotal
oly(dA)- poly(dT)+PF ST -19.0+£2.5 20.2£1.9 1.2+3.1
POy POYy MT -24.8+49.0 21.0£3.9 -3.8+49.1

ST -13.8+3.5 17.8+£2.6 4.0t4.4
poly(dCG)-poly(dCG) +PF
MT -2.61£51.6 18.9+5.4 16.3+£51.9

All energy terms are given in kcal/mol. ST and MT are the single and multiple trajectory approaches,
correspondingly. AH is the sum of all energy terms except entropy contribution; -TAS is the entropy penalty due
to the loss of translational, rotational and vibrational degrees of freedom upon ligand binding; AGrq = AH-TAS.

CONCLUSIONS
We performed the MD simulation of the PF MGB complexes with DNA oligonucleotides
poly(dA)-poly(dT) and poly(dCG)-poly(dCG). The stability of those complexes is responsible
for the timescale of the PF intercalation reaction [25]. The results of our simulation confirm,



19
Ligand-induced DNA conformational changes in proflavine minor groove-bound...

that PF MGB complexes are stable in the 50 ns time interval but there are some structural
rearrangements with respect to the initial docking structures, especially in the case of PF-
poly(dCG)-poly(dCG) complex.

The binding of PF to the DNA minor groove is sequence specific. The PF-
poly(dA)-poly(dT) MGB complex is enthalpically more favorable than that with the
poly(dCG)-poly(dCG). It is stabilized by the van der Waals and hydrophobic interactions.
Besides, there are specific hydrogen bonds in PF-poly(dA)-poly(dT) complex formed by the
protonated ring nitrogen and one of the amino-groups from the PF side and O2 thymine and
N3 adenine atoms of poly(dA)-poly(dT), which were predicted earlier by Marcandalli [15].
The PF-poly(dCG)-poly(dCG) MGB complex is weaker due to the interfering amino-groups
of guanine in the minor groove of poly(dCG)-poly(dCG), which prevent deeper binding of
ligand.

The binding of PF launches the DNA conformational changes through the induced fit
mechanism. The narrowing of the DNA minor groove in the PF binding site is observed. In
the PF-poly(dCG)-poly(dCG) complex, it is more pronounced and is accompanied by the
BI/BIl backbone conformational transitions. During the induced fit process, the reorientation
of ligand in the PF-poly(dCG)-poly(dCG) complex takes place: the PF chromophore becomes
located along the minor groove, like in PF-poly(dA)-poly(dT) complex, except that its amino-
groups are directed outside the groove.

In the case of PF-poly(dA)-poly(dT) complex, the conformational changes are not so
large but they are still important for tighter PF-DNA binding: the change of the propeller twist
and the increased opening in the PF binding site optimize specific hydrogen bonds between
the PF and poly(dA)-poly(dT). Recently Ramakers and coworkers reported that the binding of
Hoechst33258 to the A-tract DNA induces subtle conformational changes in the DNA
structure, which maximize favorable ligand-DNA interactions [57]. The results of our study
and that of Ramakers indicate that the model of rigid DNA-target is not a good choice even
for small minor groove binders. An induced fit model gives better description of the binding
process. One should keep in mind the DNA conformational changes induced by ligand
binding upon design of new minor groove binders.
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Figure S1. The RMSD of PF heavy atoms with respect to the initial structure for PF-poly(dCG)-poly(dCG) MGB
complex during the equilibration phase.
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Figure S2. Waters bound via hydrogen bonds and water bridges in PF-DNA MGB complexes: (a) and (c) —
maximum and average number of water bridges in PF-poly(dA)-poly(dT) complex; (b) and (d) — maximum and
average number of water bridges in PF-poly(dCG)-poly(dCG) complex. PF is shown with red color and waters
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are blue. Hydrogen bonds are shown as black dashed lines.
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Figure S3. Twist in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT)
complex. The position of the bound PF is marked.
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Figure S4. Roll in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT) complex.
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Figure S5. X-displacement in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-
poly(dA)-poly(dT) complex.
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Figure S6. Slide in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT)
complex.
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Figure S7. The distributions of sugar puckers of cytosine residues C13 (a), C15 (b) in the PF binding site in PF-

poly(dCG)-poly(dCG) complex.
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Figure S7. The distributions of sugar puckers of cytosine residues C45 (c), C47 (d) in the PF binding site in PF-
poly(dCG)-poly(dCG) complex.
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Figure S8. Propeller twist in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-
poly(dA)-poly(dT) complex.
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Opening in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT)
complex.
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Figure S10. The distributions of sugar puckers of adenine residues A17 (a) and A18 (b) in the PF binding site in
PF-poly(dA)-poly(dT) complex.
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(@) (b)
Figure S11. The interaction of PF and sugars of adenine nucleotides A17 and A18 in the PF- poly(dA)-poly(dT)
complex: (a) side view; (b) top view.

Table S1. The average number of water molecules bound via hydrogen bonds to PF MGB complexes and free

components
Number of HB waters (N

System Complex : 0DNA = PF AN
PF-poly(dA)-poly(dT) 481.5+8.4 480.0+8.4 2.7£0.7 -5.1+12.0
PF-poly(dCG)-poly(dCG) 506.949.3 503.9+9.2 45+1.1 -5.6+13.1

poly(dA)-poly(dT) - 482.0£8.5 - -

poly(dCG)-poly(dCG) - 507.949.1 - -

PF - - 4.611.2 -

AN is the difference between the number of water molecules bound via hydrogen bonds to the complex and the

sum of the bound waters of its free components.

Table S2. The binding free energies for proflavine MGB complexes with poly(dA)-poly(dT) and
poly(dCG)-poly(dCG)

System AGeont | AGuw | “3&™ | AGup | AGy | AH TAS | AGrow
poly(dA) | ST | 00 | -325 | -08 |-17.9 | 321 | -19.0+25 | 20.2+19 | 1.2431
poly(dT)+PF| MT | -5.1 | -34.6 0.3 | -17.8 | 32.4 |-24.8+49.0| 21.0+3.9 | -3.8+49.1
poly(dCG) | ST | 0.0 | -28.3 07 |-165| 30.3 | -13.8+3.5 | 17.842.6 | 4.0+4.4
poly(dCG)

+PF MT | 11.8 | -31.6 06 |-17.6 | 342 | -2.6451.6 | 18.9454 | 16.3+51.9

All energy terms are given in kcal/mol. ST and MT are the single and multiple trajectory approaches,
correspondingly. AGeons is the sum of the bonded energy terms (bond, angle, dihedral) and 1-4 non bonded
interactions; AGq4w is the van der Waals energy; AGcou+AGpg — is the sum of the Coulombic energy and the
polar solvation energy (Poisson-Boltzmann energy); AG,, — is the repulsive cavity term; AGgys, — is the
dispersion energy term describing the attractive solute-solvent interactions; AH is the sum of all energy terms
except entropy contribution; -TAS is the entropy penalty due to the loss of translational, rotational and
vibrational degrees of freedom upon ligand binding; AGrgs = AH-TAS.
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Table S3. Entropy contributions (TAS) for PF-DNA MGB complexes (kcal/mol)

System Translational Rotational Vibrational Total
poly(dA)- ST 125 -9.6 1.8+1.9 -20.2+1.9
poly(dT)+PF MT -12.5 -9.6 1.1#3.9 -21.0+3.9
poly(dCG)- ST -12.5 -9.6 4.2+2.6 -17.8+2.6
poly(dCG) +PF MT -12.5 9.6 3.245.4 -18.9+5.4

ST and MT stand for the single and multiple trajectory approaches, correspondingly
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